Abstract. The present study investigated the effect of embryo transfer on post-implantation development using different fertilization approaches in sibling oocyte procedures. C57BL/6, DBA/2, C3H/HeJ and ICR mice were used at 8-10 weeks of age. Mature oocytes were collected, divided into two groups and fertilized using in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI). Different numbers of the resulting blastocysts were then transferred into recipients and designated as either: The single embryo transfer (SET) I model (one transferred embryo), the SET II model (six transferred embryos) or the multiple embryo transfer (MET) model (24 transferred embryos). The development efficiency, cell number, number of apoptotic cells in blastocysts, pregnancy efficiency, delivery rate and cumulative pregnancy efficiency were analyzed. IVF-fertilized embryos exhibited higher blastocyst development competence and embryo quality compared with ICSI embryos. The pregnancy and delivery efficiency was not identified to be significantly different between the two SET models, but it was lower in these two models than in the MET model. The cumulative pregnancy efficiency in SET models, calculated using a mathematical equation, was not decreased. In conclusion, embryo quality was shown to be the primary factor in selecting embryos prior to embryo transfer using sibling oocytes. In addition, single blastocyst transfer can be performed in sibling oocytes without compromising cumulative pregnancy rates, independent of the fertilization approach.
Introduction
Assisted reproductive technology (ART) has demonstrated the potential to aid infertile couples to conceive their own offspring since the birth of the first test tube baby in 1978 (1) . Since then, novel ART procedures and technologies have been developed to overcome various infertility factors, including in vitro fertilization (IVF) (1) , intracytoplasmic sperm injection (ICSI) (2) and preimplantation genetic diagnosis (3) . One simple but effective procedure was developed in 1995, and involves a combination of IVF and ICSI using sibling oocytes (4) . With this procedure, cases of unexpected total fertilization failure can be avoided. Furthermore, this procedure is beneficial for patients with unexplained infertility (5), mild oligoteratoasthenozoospermia or borderline semen parameters (6, 7) , severe isolated teratozoospermia (8) and polycystic ovary syndrome with normozoospermic semen (9, 10) .
Embryo selection is a critical issue in procedures using sibling oocytes. In traditional IVF or ICSI, the embryos used for embryo transfer (ET) are high-quality embryos; however, in sibling oocyte procedures, embryo fertilization approaches should also be considered. At present, the consensus amongst clinicians and embryologists is that IVF embryos should be selected and transferred prior to ICSI embryos with the same or marginally better quality; however, others consider embryo quality to be the gold standard for embryo selection prior to ET.
Previous studies have mainly focused on clinical data analysis. Shveiky et al (11) reported that the development competence of ICSI embryos, including fertilization, pregnancy and implantation efficiency, was not different from that of IVF embryos; Plachot et al (12) reported similar results. Becker et al (13) suggested that a higher number of top quality embryos were obtained following ICSI than following IVF in sibling oocyte procedures, but found that the clinical pregnancy efficiency was similar when IVF (three pregnancies in 11 patients) and ICSI embryos were transferred (eight pregnancies in 24 patients). Staessen et al (10) reported that whether the transferred embryos were from ICSI alone, IVF alone, or a combination of IVF and ICSI did not affect the pregnancy and implantation rates. However, Kihaile et al (14) demonstrated that pregnancy and implantation efficiency is increased when selecting mixed IVF and ICSI embryos together, and in addition, only fertilization efficiency by ICIS approach was superior to IVF-ET. In these clinical studies, different conclusions were suggested based on different infertility symptoms; therefore, it is difficult to be certain of the effects of the fertilization approach on the pregnancy and implantation results.
The other important consideration in selecting embryos for transfer is single embryo transfer (SET), which has been utilized in an increasing number of centers. In the USA, the rate of SET tripled from 4.5% to 14.8% between 2001 and 2009 (15) . Thurin et al (16) performed a double-blind multicenter trial among 11 clinics in Sweden, which found that the birth rates were significantly lower following fresh transfer of one versus two embryos, but the cumulative birth rates were not statistically different between the treatment groups. Gardner et al (17) demonstrated that the ongoing pregnancy rates for SET versus double embryo transfer (DET) were not significantly different in a study evaluating blastocyst transfer. Therefore, SET has been demonstrated to be effective in preventing multiple deliveries without compromising overall pregnancy rates, although it is key in this strategy to select an embryo with higher developmental competence, particularly for sibling oocyte procedures that have two types of embryos from different fertilization approaches. However, there are no relevant studies regarding sibling oocyte procedures; certain studies have focused on candidate genes and comprehensive chromosome screens in traditional IVF or ICSI procedures (18, 19) .
In the present study, therefore, the pregnancy and delivery outcomes of ICSI alone, IVF alone and a mixture of embryos using mouse SET and multiple embryo transfer (MET) models were compared, and the effect of transferring embryos from different fertilization approaches in sibling oocyte procedures on post-implantation development was investigated.
Materials and methods
All chemicals were purchased from Sigma-Aldrich (Shanghai, China) unless otherwise indicated.
Ethics statement. The study was approved by the Institutional Review Board at Tianjin First Central Hospital, Tianjin, China. All experiments requiring the use of animals were approved by the Committee on the Ethics of Animal and Medicine of the Peking University Third Hospital, Beijing, China.
Experimental design. In the first experiment, the general characteristics of ICSI and IVF embryos were compared, including pre-implantation development competence, blastocyst cell number and apoptosis analysis. In the second experiment, the pregnancy and delivery outcomes were analyzed with two types of SET models. In the first model, only one blastocyst from IVF or ICSI was transferred into one female recipient. In the second model, six blastocysts from IVF or ICSI were transferred into one recipient since mice are multiparous and normally conceive with ~8-15 fetuses. In the third experiment, the pregnancy and delivery outcomes were analyzed with the MET model. The blastocysts were classified into five groups: IVF, ICSI, and IVF and ICSI combined following a defined ratio of 1:1; 1:2 or 2:1. Twenty-four blastocysts in each group were transferred into one recipient; a total of six recipients were used in each group. In the fourth experiment, the cumulative pregnancy rates in the SET models were calculated and compared with the MET data.
In the IVF experiments, the oocytes were retrieved from C57/BL6 female mice and the sperm were collected from DBA/2 strain male mice; the offspring were thus designated B6D2F1 with a black coat color. In the ICSI experiments, the oocytes were also retrieved from C57/BL6 female mice, but the sperm were collected from C3H/HeJ strain male mice; the offspring were designated B6C3F1 with an agouti coat color.
Mice. All mice were purchased from the Vital River Company (Beijing, China). The mice used in this study were 8-10 weeks of age, and housed and bred in the Animal Center of the Medical College of Peking University (Beijing, China), according to national legislation for animal care. All mice were maintained individually under controlled temperature and lighting conditions, and provided food and water ad libitum.
C57/BL6 strain female mice (black coat color) were used for oocyte retrieval. The DBA/2 strain male mice (dilute brown coat color) and C3H/HeJ strain male mice (agouti coat color) were used as sperm donors. ICR strain female mice (white coat color) were used as ET recipients.
Oocyte collection. Oocytes were collected from the fallopian tubes of adult C57/BL6 strain female mice that were superovulated by injection of 10 IU pregnant mare serum gonadotropins (Hua Fu Biotechnology Company, Tianjin, China) and 10 IU human chorionic gonadotropin (hCG; Hua Fu Biotechnology Company), administered 48 h apart. Following the retrieval of the oocytes from the oviducts 14-16 h after administration of hCG, the cumulus-oocyte complexes (COCs) were separated into two groups. The COCs from the left oviduct ampulla were digested with 100 U/ml hyaluronidase, and the naked oocytes were cultured in M16 medium at 37˚C and 5% CO 2 until ICSI micromanipulation. The COCs from the right oviduct ampulla were used for IVF experiments. The COCs were placed directly into CZB-culture medium at 37˚C and 5% CO 2 without any treatment, and cultured for ~1 h prior to IVF manipulation.
IVF.
Conventional IVF was performed in human tubal fluid (HTF) medium [Vitrolife AB (publ), Göteborg, Sweden], as described in a previous study (20) . The sperm were collected from the cauda epididymis of adult DBA/2 strain male mice and capacitated at 37˚C under 5% CO 2 and 95% humidity for 1-2 h. The COCs were then moved and co-cultured with motile sperm (final concentration, 1-2x10 6 /ml). After 6 h, the COCs were removed from the HTF medium and transferred to the M16 medium (Sigma-Aldrich, St. Louis, MO, USA). Pronuclear formation was considered to represent successful fertilization.
ICSI. ICSI was performed with a 10-mm internal diameter Piezo-driven micropipette (Prime Tech, Ltd., Ibaraki, Japan), as previously described (20) . The sperm were collected from the cauda epididymis of adult C3H/HeJ strain male mice, and resuspended in Krebs-Ringer bicarbonate solution at a density of 5-10 6 /ml prior to incubation at 37˚C with 5% CO 2 in air for 45 min prior to ICSI. Groups of oocytes were moved from M16 medium to M2 medium (Sigma-Aldrich, St. Louis, MO, USA), and the spermatozoan heads were injected into the oocyte cytoplasm, assisted with a Piezo apparatus (Prime Tech Corp., Tokyo, Japan). The injected oocytes were cultured at 37˚C under 5% CO 2 and 95% humidity, and pronuclear formation was considered to represent successful fertilization after 6 h.
Blastocyst differential staining. The blastocyst cell number was determined, as previously described (20) . The blastocysts were transferred to the medium with 0.5% pronase on day four, and the zona pellucida was removed. The blastocysts were then exposed to rabbit anti-mouse whole serum (Sigma-Aldrich, St. Louis, MO, USA) for ~1 h, and rinsed three times in buffer medium for 5 min. The blastocysts were treated with guinea pig complement (Sigma-Aldrich, St. Louis, MO, USA) and the treated blastocysts were then stained with propidium iodide (10 mg/ml) and Hoechst 33342 (1 mg/ml). Twenty embryos in each group were used for counting.
Apoptosis analysis. Apoptosis was analyzed using a terminal deoxynucleotidyl-transferase-mediated dUTP nick end labeling (TUNEL) apoptosis detection kit (Millipore, Billerica, MA, USA). The blastocysts were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 min at 4˚C, then subjected to permeabilization for 20 min at room temperature with PBS containing 0.2% Triton X-100. Briefly, the fixed and permeabilized blastocysts were labeled with the TUNEL reaction mixture for 60 min at 37˚C. The blastocyst nuclei were also stained with DAPI. The results were then analyzed using a Nikon fluorescence microscope (A1R; Nikon, Tokyo, Japan). Twenty embryos in each group were analyzed.
Embryo transfer. The blastocysts were transferred to the uterus of 2.5 day post coitum (dpc) pseudopregnant ICR mice. On day 17.5 dpc, the pregnant mice delivered naturally.
Statistical analysis. The results were evaluated using a χ 2 test or t-test with SPSS 13.0 software (SPSS, Inc., Chicago, IL, USA) and P<0.05 was considered to indicate a statistically significant difference.
Results

General characteristics of IVF and ICSI embryos.
The pre-implantation development competence was analyzed and compared between IVF and ICSI embryos. The fertilization and cleavage efficiencies in the two groups were not identified to be significantly different at the PN and 2-cell stage (P>0.05), but the development efficiency of the IVF embryos was significantly higher than the ICSI embryos at the 8-cell and blastocyst stages (P<0.05; Fig. 1A) . To assess the embryo quality in the two groups, the blastocyst and apoptotic cell numbers were analyzed by differential staining and TUNEL detection methods, respectively. The results revealed that the inner cell mass (ICM) cell number and the ratio of ICM were higher in the IVF group (P<0.05), although there was no difference in the trophoderm cell number between the IVF and ICSI groups (P>0.05). A higher cell apoptosis ratio was observed in ICSI blastocysts (P<0.05; Fig. 1B ).
Pregnancy and delivery outcomes of ICSI and IVF embryos in SET models. In the SET model I, only one blastocyst from IVF or ICSI was transferred into the recipients. The results revealed that 67.5% of the recipients receiving a single IVF blastocyst became pregnant, which is comparable to single ICSI blastocysts (60%; P>0.05). On day 17.5, a healthy neonate was born by natural delivery from each pregnant recipient. In ICSI groups, 24 neonates were born from a total 40 blastocysts, and in IVF group, 27 neonates were born from a total 40 blastocysts (P>0.05). In the SET model II, six blastocysts from IVF or ICSI were transferred into the recipients. The pregnancy efficiency did not differ significantly between the IVF and ICSI groups (83.3 vs. 75.0%; P>0.05), nor did the delivery rate (P>0.05) ( Table I) .
Pregnancy and delivery outcomes of ICSI and IVF embryos in MET models.
In an effort to replicate human double or triple ET, 24 blastocysts were transferred into each recipient. Five MET groups were designed as follows: A) 24 Blastocysts from ICSI; B) 16 blastocysts from ICSI and eight blastocysts from IVF; C) 12 blastocysts from ICSI and 12 blastocysts from IVF; D) Eight blastocysts from ICSI and 16 blastocysts from IVF; and E) 24 blastocysts from IVF. All recipients became pregnant following ET in all five groups and the delivery efficiency between groups did not differ. Based on an analysis of neonates from IVF or ICSI blastocysts, mice with a black coat color were B6D2F1 from IVF blastocysts and mice with an agouti coat color were B6C3F1 from ICSI blastocysts (Table II) . With the exceptions of group A, in 
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A which ICSI blastocysts alone were transferred, and group E, in which IVF blastocysts alone were transferred, the birth rates of B6D2F1 and B6C3F1 mice were compared. The results indicated that the delivery rate of ICSI blastocysts was <40% (39.82, 37.61 and 30.32% in B, C and D groups, respectively). By contrast, the IVF neonatal ratio of all the neonates was >60% (60.18, 62.39 and 69.68% in B, C and D groups, respectively), which was significantly higher than that of the ICSI counterparts (P<0.01; Fig. 2 ).
Cumulative pregnancy efficiency in SET and MET models by mathematical equation.
With the establishment of SET and MET models, the cumulative pregnancy efficiency (CPE) was further analyzed using a mathematical equation. If A was designated as pregnancy efficiency in the SET model, the pregnancy probability is A when the mouse is ET for the first time, A x (1-A) for the second time and A x (1-A) 2 for the third time. When the mouse is ET for N times, the probability is A x (1-A) n-1 . Finally, the CPE is the sum of the probability for each ET, and the equation is as follows:
The equation suggests that the CPE is closely associated with the single pregnancy efficiency and with the ET times (and also indicates the number of available ET embryos). When the two values were higher, the cumulative pregnancy efficiency was 100%. To validate the accuracy of the equation, in the present study, the previous data were calculated using this equation. In the ICSI group, the pregnancy rates in MET and SET I and II were 100, 75 and 60%, respectively. Thus, if 24 embryos were transferred four times, and six embryos were transferred each time, the CPE was 99.6%. If the embryos were transferred 24 times (using only one embryo each time), the CPE was also 99.9%. Similar results were obtained when calculating the data in the IVF groups.
Discussion
One of the key concerns in the sibling oocyte procedure is the embryo selection for ET, as it remains unknown whether the embryo quality or the embryo fertilization method is more important. Moreover, with the wide application of SET in numerous ART centers, this issue is increasingly important in sibling oocyte and other ART procedures.
Using the SET and MET models, the pregnancy and delivery efficiencies on embryo selection in the sibling oocyte procedure were calculated in the present study. The results demonstrate that the pre-implantation development competence and embryo quality were marginally affected by ICSI micromanipulation; however, the ICSI or IVF blastocyst development competence to term was similar in SET models I and II. Furthermore, the IVF, ICSI, 16 ICSI + 8 IVF, 12 ICSI + 12 IVF and 8 ICSI + 16 IVF groups demonstrated similar pregnancy and delivery efficiencies in the MET model, but in the ICSI/ IVF combination groups, IVF blastocysts exhibited greater implantation and delivery competence. Finally, the mathematical equation indicated that the CPE was not any lower in the SET models, and that it was closely associated with the single pregnant efficiency and ET times.
It is well-known that ICSI has been mainly applied to male factor infertility since the first baby was born using this technology in 1992 (2). However, certain studies have indicated potentially harmful effects of ICSI on embryo development and the resulting fetus in human and mouse models (21, 22) . In the present study, development competence in mouse ICSI embryos was decreased from the beginning of the 8-cell stage. This result was in agreement with previous studies using mice (22) , and similar results have been found in humans (23) . Cell number and apoptosis are regarded to be better methods to identify blastocyst quality compared with cell morphology (24) . Cell apoptosis is regarded as a cellular activity in which the embryos eliminate abnormal cells and prepare for implantation; however, certain studies have indicated that the apoptosis cell number in blastocysts is affected by culture conditions (25) (26) (27) . In the present study, the ICSI and IVF embryos were cultured in the same culture medium, suggesting that the abnormal cell number was increased by ICSI technology.
To evaluate the post-implantation development competence of ICSI and IVF embryos in sibling oocyte procedures, and to simulate the clinical setting, the SET model I was established, which involves only one embryo, using IVF or ICSI in recipients. However, mice are mammals with multiple gestations, which is different from humans, a generally monotocous mammal. Thus, the SET model II was established, which involves six embryos, with IVF or ICSI transfer to recipients. Normally the litter size of ICR mice is 8-12, thus transferring six embryos is reasonable for the SET model. In a mouse study, the ET number is often >12 to ensure pregnancy, but the transferred embryos are usually at the 2-cell stage (22, 28) . In the current study, the embryos were selected at the blastocyst stage as the development competence of ICSI embryo beyond two cells was decreased compared with the IVF groups. To eliminate potential differences from pre-implantation, the blastocysts were selected in the current study. In the human clinical setting, different clinical outcomes were reported in different centers. Bhattacharya et al (29) summarized and analyzed the data from four UK centers and indicated decreased pregnancy and delivery outcomes when transferring ICSI embryos compared with IVF embryos. However, La Sala et al (30) reported inconsistent results and suggested that ICSI embryos have similar outcomes with IVF embryos following ET in a retrospective analysis. Hourvitz et al (31) also obtained similar results to La Sala et al (30) by analyzing a database from July 2000 and October 2004. The incompatible results may be attributed to multiple factors, including differences between patients, centers, regions and nationalities.
To simulate DET or TET, MET models were established in which 24 blastocysts were transferred to the recipients. Furthermore, to simulate the mixture of ICSI and IVF transferred embryos in the clinical setting, three mixture MET models were established following the possible mixture ratio between IVF and ICSI (1:2, 1:1 and 2:1) in the two groups. The pregnancy rate in each group reached 100% and the delivery rate between groups was also similar. In a human study, Pandian et al (32) also reported that the likelihood of a live birth in a fresh IVF cycle in SET was significantly decreased; however, certain studies have revealed that there are no significant differences between SET and MET (33, 34) . Notably, the IVF embryos in the mixture groups exhibited greater implantation and delivery ability than the ICSI counterpart, independent of the number of IVF embryos (10, 15 or 20 in the three mixture groups), but the ICSI and IVF embryos exhibited similar implantation ability when only one type of embryo was transferred. In the human clinical setting, Shveiky et al (11) reported that the pregnancy and implantation rates in ICSI and IVF embryos did not differ for sibling oocytes. Moreover, Staessen et al (10) concluded that implantation and delivery outcomes were not different when using ICSI, IVF or a mixture of embryos for ET in sibling oocyte procedures. These results were consistent with the findings of the SET and MET models in the present study.
In humans it is almost impossible to distinguish neonates developed from IVF or ICSI embryos, but this issue is easier to resolve in the mouse models using different coat colors for mouse neonates from IVF or ICSI embryos. The present study indicated that IVF embryos exhibited more robust competitiveness in the process of implantation compared with ICSI counterparts in the mixture groups, which could reflect embryo quality. Montag et al (35) reported that successful hatching in vitro is dependent on a sufficiently high number of embryonic cells, which enables the blastocyst expansion and zona shedding that is required prior to implantation. Desai et al (36) suggested that the cell number is one of the key parameters to predict clinical outcome in ART. These studies indicate that embryos with a greater cell number have more opportunities to implant into the uterus. In the present study, IVF embryos had a greater cell number in ICM and lesser apoptosis cell number compared with ICSI embryos, which may result in higher competitiveness when combined for ET. In biological evolution, acceptance of superior embryos by the uterus is a possible protective mechanism in the process of reproduction.
In the present study, the pregnancy efficiency was lower in the SET models compared with the MET model; however, the two models exhibited similar CPEs. SET has the advantage of decreasing the multiple pregnancies in ART, and certain clinical studies have shown similar CPE results to those of the current study (37, 38) . Despite these results, how to select a 'healthy' embryo remains unknown, particularly for sibling oocyte procedures, although a number of studies have focused on screening particular molecular markers in cumulus cells (39, 40) . Based on the established ET models, a mathematical equation for mouse ET was developed. Predicting pregnancy efficacy in ART has been performed using Kaplan-Meier curves, but rarely by equation (41) (42) (43) (44) . Lannon et al (45) previously developed an equation in humans using multiple factors to predict pregnancy potential. In the current study, certain extra factors, including freezing/thawing, individual differences, disease factors and the effects of repeated ET on physiology and psychology, were removed from consideration as mouse models were used. The core factors, SET pregnancy rate and ET times (ET times were equal to the available ET number if the SET was applied), were revealed to affect the CPE using the equation developed in the present study. Thus, increasing uterine receptivity by improving ET technology and adjusting female pre-conception physiology (e.g., endometrium blood flow and thickness, and hormone levels), as well as increasing embryo development competence and quality by modifying the culture system, is required prior to improving the CPE.
In conclusion, the present study has provided a criterion for selecting embryos in ART, particularly for sibling oocyte procedures using SET and MET models. Embryo quality was the primary factor while selecting embryos. IVF embryos are more competitive than ICSI embryos in the process of implantation in MET mixture groups, but the fertilization methods did not affect the overall pregnancy and delivery rates. Finally, a mathematical equation demonstrated that the SET pregnancy rate and ET times were key factors with regard to CPE. The present study provides methods to select embryos prior to ET and may aid in promoting the SET application in sibling oocyte procedures.
